is an oversimplification of Philips history: although Anton Philips was a salesman, he took a great interest in technological development.
The Physics Laboratory at Philips was a leading example of an innovation of the twentieth century: the industrial research laboratory.
3 Scientific and technological cross-pollination had been an in-dispensable part of product development since the mid-nineteenth century, but formally organized industrial laboratories constitute one of the striking features of modern science-based industry and innovation. 4 In his study of research and development at General Electric (GE) and Bell, Leonard Reich describes industrial laboratories as "set apart from production facilities, staffed by people trained in science and advanced engineering who work toward deeper understandings of corporate-related science and technology, and who are organized and administered to keep them somewhat insulated from immediate demands yet responsive to long-term company needs." 5 W. Bernard
Carlson, in his study of Elihu Thomson's research activities, views industrial innovation as a synthesis of hardware, organization, and strategy articulated within a company; he characterizes it as a social process.
6
One important element in this social process is the creation of a specific culture in which scientific research becomes possible. 7 The internal organizational culture for research and development is a complex phenomenon; indeed, the definition of "organizational culture" itself is difficult. Scholars have described it most broadly as a pattern of shared assumptions, often produced by top management.
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In the case of the industrial research laboratory, it is primarily the research director who is responsible for the creation of a research culture in which teamwork and individuality, scientific investigation and product development, can mutually prosper. A description of culture as a set of shared assumptions is, however, an oversimplification. The histories of industrial research laboratories provide us with a far more complex picture, showing that tensions can develop and endure between individual researchers' interests and corporate business goals, and even between research groups with different research agendas. 9 Consequently, individual scientists' activities, in-terests, and relations can result in the emergence of subcultures within the research organization. This view is consistent with Joanne Martin's theoretical investigations of organizational cultures in a broader sense. She argues that, because of cognitive and normative diversity within an organization, the attribution of meaning (an important part of the cultural process) is complicated and leads to fragmentation as well as integration, diversity as well as unity. 10 The most difficult task for a research director, then, is to create organizational unity with regard to major company goals while giving individual researchers a feeling of freedom in their scientific work. A second problem in the analysis of the industrial research laboratory is the relationship between the evolution of a laboratory culture and a company's choices concerning technological innovation. Decisions about whether or not to invest in specific long-term projects are made at both the top management and the local research levels and are part of an evolving business strategy that shapes technological innovation. Both the research director and the company managers have to find a balance between the company's strategy and the priorities and skills of the research staff, who develop their particular bodies of knowledge not only in response to personal and company needs but also in relation to professional networks that transcend the laboratory's boundaries. The laboratory leader must find a balance between an open research culture attuned to the overall scientific concerns of the day and the specific product interests of the company.
In this article, I focus on the development of the X-ray department at the Philips Physics Laboratory and particularly on the role of individuals operating in an industrial research culture. Radiography research was conducted under the leadership of Gilles Holst (the Physics Laboratory's research director) and Albert Bouwers (the X-ray department's group leader). As this investigation will show, the success of these individuals in their scientific and technological fields did not automatically lead to profitable products for the company; the expectation that technological innovation will produce future success is not always fulfilled.
11 Moreover, failure in innovation has consequences for the cultural unity of a research organization. The questions addressed here include the following: How did Holst first become interested in the subject of radiographic technology, and what was the relationship between the X-ray research effort and the 10. Joanne Martin, Cultures in Organizations: Three Perspectives (New York, 1992) . (Delft, 1993) .
For this theme see Harro van Lente, Promising Technology: The Dynamics of Expectations in Technological Developments
Philips company strategy? What were the products that emanated from the activities of the Physics Laboratory researchers working under Holst and Bouwers, and how did their work relate to X-ray research elsewhere? What problems did they encounter during the innovation process, and what were the consequences for the laboratory's culture? 12 
Radiography in the First Decades of the Twentieth Century
Radiology technology provides a perfect example of accidental laboratory discovery and demonstrates how such a discovery can lead to an entirely new branch of scientific research with practical applications. 13 In 1895 Wilhelm Conrad Rö ntgen made a chance observation while carrying out electron tube measurements. In a darkened room in his Wü rzberg University laboratory, Rö ntgen noticed that a screen coated with barium platinacyanide lit up. He traced the light source to rays derived from a Crookes tube (a type of electron tube devised by the British scientist William Crookes) that he was using for his measurements. He called these unknown rays "X-rays." Additional research on the phenomenon of material lit up by a bombardment of electrons followed Rö ntgen's initial discovery. It was soon clear that X-rays were created by electrons hitting metal surfaces at great speed. The first practical applications of X-rays used an X-ray tube, in which a negatively charged electrode (cathode) produced a cluster of electrons that hit a positively charged electrode (anode) that would then emit X-rays. The anode was set at an angle so that the X-rays could escape from the tube. Most of the kinetic energy contained in the electrons hitting the anode became heat rather than X-rays, however, so the anode had to be made of heatresistant material and kept cool to prevent it from melting.
William Coolidge, an American who had been hired as a researcher by General Electric in 1905, created the device that has been 12. The history of internal Physics Laboratory developments raises the notion that actors were proactive as well as reactive toward their environment. Not only corporate interests but also broader social desires and interests influenced, perhaps more indirectly, decisions made in the Physics Laboratory. For this idea, see Philip J. the basis for all X-ray tubes manufactured since his groundbreaking work. Coolidge developed his invention at the GE Research Laboratory in Schenectady, New York. GE's laboratory is often cited as an example of "how to do research in industry," and both historians and contemporaries referred to GE as an international trendsetter. 14 GE had a formalized managerial hierarchy and a middle management level for departments such as manufacturing, engineering, and research. 15 The climate at GE allowed Coolidge to become a brilliant experimentalist. Patented and introduced in 1913, the "Coolidge tube" combined the scientist's own tungsten research with his colleague Irving Langmuir's achievements in vacuum technology to create a hot cathode vacuum tube. By 1913 the GE laboratory was manufacturing Coolidge X-ray tubes on a small scale.
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Coolidge's findings gain significance in the context of X-ray technology and its potential value. Because they possess a great deal of energy, X-rays can easily penetrate materials composed of light atoms, whereas they are absorbed by substances composed of heavier atoms, such as those found in metals. When rays that have been aimed at an object are projected onto a screen, the parts of the object that have absorbed the rays will become visible as white patches, thus revealing, for instance, the bone structure of a human body: bones absorb X-rays while the softer parts of the body allow the rays to pass through. X-ray tubes were widely used by physicians to examine lungs and to detect bone fractures; there were also myriad applications for the technology in medical therapy. X-rays also had industrial uses: researchers used them, for example, to study the structure of metals. Coolidge X-ray Tube. Reproduced from the collection of historic instruments in the Department of Physics and Astronomy at the University of Nebraska, Lincoln, with the permission of Eugene Rudd. Original photograph by Tom Hancock.
As scientists worked to develop practical applications of X-ray technology, two specific needs received special attention: sharpening images and protecting users. Not long after Rö ntgen's initial discovery, it became clear that X-rays were dangerous as well as useful. It was therefore imperative to protect users of X-ray equipment from the damaging effects of rays. In practice, the two objectives-image clarity and user safety-were hard to combine, but designers remained focused on reconciling those two demands. The vacuum technology of the Coolidge tube led to the production of higherenergy X-rays and also permitted operators greater control over energy fluctuations.
The Introduction of X-Ray Technology to the Philips Physics Laboratory
Dutch physicians were among the first in the world to bring X-ray technology into practice, partly as a result of their connections with Wilhelm Rö ntgen, who had a Dutch mother and spent many years of his youth in the Netherlands. Although he made his scientific career in Germany, he continued to have contacts in the Netherlands. 20. Toward the end of the nineteenth century, C. H. F. Mü ller was active in German industry as a glass blower, and eventually he set up his own bulb factory. Siemens took an interest in the manufacturing of electro-medical equipment as early as the nineteenth century, and its activities in X-ray technology expanded rapidly after the First World War, when it became Mü ller's main competitor; see Wilfried Feldenkirchen, Siemens, 1918 -1945 (Columbus, Ohio, 1999 any result. In fact, however, Philips was developing an interest in the technology.
Many industrial laboratories had sprung up in the Netherlands during the first few decades of the twentieth century, part of the international trend toward specialized industrial research organizations epitomized in the United States by GE, DuPont, and Bell, which began employing physicists and providing them with wellequipped laboratories. 22 The Philips Natuurkundig Laboratorium was the first physics laboratory in the Netherlands and within a short time had made its name as an important center of knowledge.
To discover the origins of the Physics Laboratory we have to go back to 1914, when Gerard and Anton Philips hired Gilles Holst (1886 -1968 , a Leiden physicist from the Kamerlingh Onnes School, to raise the status of their firm's research efforts.
23 During the laboratory's early years, a small number of researchers had worked on improving the company's main product, the electric light bulb, and on expanding knowledge of electron tube technology in general. It soon became clear that the applied physics research of the scientists employed by Philips was capable of considerably widening Philips's array of products.
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Holst's primary task was to support existing Philips technology through testing and troubleshooting to perfect incandescent lamps, and the stream of scientific papers about lamp-related problems emanating from the laboratory indicates that researchers there did focus at first on light bulbs and related phenomena. 25 These scientific articles were the product of Holst's plan to create an academic culture 22. Johannes J. Hutter, "Nederlandse laboratoria, 1860 -1940 " [Dutch Laboratories, 1860 -1940 Philips 1900 -1980 (Eindhoven, 1994 , described Philips's innovations in the manufacture of incandescent lamps as characterized by mass production, the pursuit of standardization, and improvements in the production process by engineering work.
25. B. van Gansewinkel, Beschrijving van publicaties en verslagen van het Natuurkundig Laboratorium, 1914 -1926 for his researchers. Weekly colloquia and encouragement to publish their research findings were important to the industrial scientists.
By improving and further developing incandescent lamps, the Physics Laboratory accomplished its original mission, but a further goal was to obtain more patents and to assist in the company's diversification process. Only after the management decision to diversify its product portfolio did research activities at the Physics Laboratory expand and Holst's scope broaden. In 1923 Philips decided to establish a new laboratory building with modern equipment, plenty of workspace, and a Pilot Factory to facilitate the company's ambitions to expand its product scope. Holst now had the resources at his disposal to carry out the new research activities that Philips demanded. Highly educated Physics Laboratory employees provided Philips with the technical expertise, patents, and new products it required. After 1925, with Philips established in an international lamp cartel, Anton Philips was free to look for new markets.
26
Radiology technology was only one new area of Philips research, but the X-ray tube was one of the first new products the laboratory researchers had tackled, and the Physics Laboratory's X-ray activities were an important first step in a new direction toward the diversification of Philips. Knowledge and skills developed during electron tube research equipped the Philips staff well for this work, which opened up a completely new market for Philips. The Philips researchers did not spontaneously develop X-ray technology; it found its way into the Physics Laboratory in a roundabout way. In 1917, echoing Wertheim Salomonson, Dutch physicians drew attention to the fact that the war was jeopardizing the supply of X-ray tubes and equipment to the Netherlands. 27 When Germany stopped supplying X-ray equipment, doctors enlisted Philips for repair and maintenance, because X-ray tubes bore many technical similarities to light bulbs. The next year found Wertheim Salomonson expressing relief over Philips's entrance into the radiology market. Philips did not stop at repair work, however. Holst became so interested in the phenomenon of X-ray technology that he decided to pursue his own line of research.
29 From the beginning, Holst was aware of the promising aspects of X-ray technology, and he had always tried to carry out development-oriented research. (PCA 6 A to Z). G. F. Gaarenstroom, his brother, worked at the Antoni van Leeuwenhoek hospital in Amsterdam as a surgeon and radiotherapist until 1922 (PCA 9 UDC A to Z). There was also a third brother, P. Gaarenstroom, who joined the Medical Service at Philips in 1921 in his capacity as a doctor (PCA 6 A to Z).
31. The first twenty years of X-ray tube development provide an interesting case of a struggle between two dominant technological paradigms (or, to quote Wiebe Bijker, "technological frames"). The study of gases in the X-ray tube was the first dominant technological paradigm. Researchers (for example, Julius Edgar Lilienfeld from Germany) studied and developed gas-filled X-ray tubes. In its simplest form, X-ray tubes of this type consisted of two electrodes in a glass envelope containing gas at low pressure. Coolidge was the researcher who created a hot cathode vacuum tube. The Coolidge vacuum tube that was named after him became the dominant tube in the second paradigm after some years of controversy. Holst responded to the request of the Dutch physicians by starting research and production into X-ray tubes. In addition to satisfying a perceived need, this step was also in line with Philips's diversification policy, and it had important consequences for the research culture of the Physics Laboratory. Holst and the other Philips researchers were hampered, however, because the company had no access to the patented Coolidge tubes for research and manufacturing (although the Physics Laboratory staff were able to repair them). Holst and his colleagues therefore carried out their research activities on the "old-fashioned" Crookes tubes.
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One practical problem with gas-filled X-ray tubes was the disappearance of the contents under the influence of electrical discharge. This disappearance made the tube "harder"-that is, it made the tube's resistance greater (for a certain number of milliamperes a higher voltage level was required).
34 A tube could become so hard that electrical transmission was impossible, the cathode evaporated, and the glass sides were coated with metal particles. It was therefore imperative to keep the gas pressure as constant as possible. This process was known as regeneration. A discovery made by Holst and his colleagues resulted in a 1919 patent containing a description of an automatic gas-filling process for X-ray tubes. 35 This innovation enabled Philips to put a new product on the market. Gradually Holst started producing Crookes-type X-ray tubes on a small scale. The tubes were manufactured at the old Philips Physics Laboratory building in Eindhoven until 1923, when construction began on the new laboratory. Because the demand for Philips X-ray tubes was still small, production continued in the new Pilot Plant, rather than in a purpose-built factory (and would remain there until 1930).
A 1919 brochure provides forms for maintenance and repair (for use by doctors who sent their faulty equipment to Philips) and descriptions of the exact types of X-ray tubes Holst and his technicians produced.
36 Two kinds of X-ray tubes are shown: an intake tube without water-cooling with a tungsten anode, and a water-cooled tube for in-depth therapy. By 1920 Holst was able to display Philipsmanufactured X-ray tubes at the Eighteenth Dutch Physics and Medical Congress in Utrecht. Still, the Coolidge tube remained superior to the Crookes tube. Hoping to deepen the Physics Laboratory's theoretical knowledge, Holst hired the gifted physicist Albert Bouwers (1893 Bouwers ( -1972 in 1920. The 27-year-old Bouwers moved from the Ornstein University Laboratory in Utrecht to the Physics Laboratory to set up a new research program aimed at developing X-ray technology for Philips. He would leave his mark as both a scientist and an individual; until his departure in 1941 Bouwers proved to be the most important person in the X-ray department at the Physics Laboratory.
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The First Years under Bouwers's Leadership: The Metalix Tube Although Bouwers's first task was to find ways to circumvent the Coolidge patent, in his research to develop a new X-ray tube he tried to solve the broader safety problem in the field of radiology. Physicians and scientists had realized the practical potential of X-rays almost at once, but soon after Rö ntgen's discovery the health risks associated with using X-rays became clear, as radiation claimed many victims among scientists, physicians, and patients. 38 Although the dangers of overexposure to radiation were known, radiologists continued to injure themselves and their patients, in part because precise guidelines were lacking: no one knew how Philips Metalix X-ray Tube. Reproduced from a photograph by the author. much radiation was required or the degree of protection needed. 39 Moreover, physicians feared that an obsession with safety would impede further development of a remarkable medical tool and so tended to downplay the dangers. However, the deaths of several German pioneer radiologists and their patients shocked the radiology profession and provided impetus for the development of standards and norms for X-ray protection. 40 International congresses on radiation protection were convened, but committees of the International Congress of Radiology set the first standards only in 1934. A second path to radiation protection was research to develop safer X-ray tubes. Previously used separate protective screens made of lead rarely provided sufficient protection. Bouwers's first piece of ingenuity at the Physics Laboratory was to develop and patent an X-ray tube with a steel outer covering (the Metalix cylinder), which served to shield people from the dangerous X-rays. 41 In his design Holst to good use. Holst had developed an electrode for discharge tubes with glass sides fused to it, providing the solution to a problem that had bothered technicians during the construction of discharge tubes of all sorts. Discharge tubes were fragile because of tensions arising where various materials that did not expand at equal ratesnotably the glass on the side and the metal of the electrodes-came into contact. Tube designers had to make sure that the expansion coefficient of the glass corresponded to that of the materials used in the electrodes. 42 Holst introduced an electrode with a flattened piece of ferrochrome smelted into the glass. Bouwers proved that this combination of materials satisfied the requirements placed upon the Metalix tube. Because the greater part of the tube's side was constructed of metal, a lead layer could be welded directly onto the tube, deflecting the rays through a window designed for that purpose. The technology devised by Bouwers sharply reduced tube users' risk of exposure to dangerous radiation. Although the metal side of the Metalix tube was a useful innovation, the basic technology still relied on Coolidge's patent. Bouwers cleverly managed to get around the Coolidge patent, which was based on a high-vacuum pressure tube, by filling the Metalix tube with helium gas until it reached a pressure of at least 1/1000 millimeter of mercury. Bouwers also found that the helium filling produced unexpected positive side effects: it avoided electrical charging on the inner side of the gas balloon; it created an effective line focus (that is, the anode of the X-ray tube); and it generated a larger output of X-rays for a given energy input.
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In the 1920s GE was aggressively using the courts in trying to protect its Coolidge patents and its monopoly on the American market. When American radiologists, unhappy with the high costs of the Coolidge tubes, began to import the less expensive Metalix tubes, GE claimed patent infringement. Bouwers emphasized the self-protecting qualities of the Metalix, whereas the GE researchers defended the Coolidge patent against European firms like Philips and American firms like Westinghouse by focusing on the extent of 42. Wybe Oosterkamp, a scientist in the X-ray department of the Physics Laboratory, gave details in his doctoral thesis of the problems that arose when the tubes were exposed to temperature variations during use; see J. Problemen bij de constructie van technische rö ntgenbuizen [The Problems Encountered during the Construction of Technical X-Ray Tubes] (Delft, 1939).
43. PCA/NL 560 X-ray. In a letter to C. H. F. Mü ller, 28 May 1925, Holst gave a clear explanation of the characteristics of the helium-filled tube. Siemens, which held the European rights for the Coolidge patent, was critical of Bouwers's approach. In a highly confidential report, 4 Oct. 1927, Siemens specified its complaints. In the end, this conflict was resolved diplomatically in order to avoid incurring high legal costs.
the vacuum in the tubes.
44 GE lost this battle. As one historian has explained, "GE proved that the Metalix and other such tubes were, in fact, high vacuum tubes, but the courts ultimately judged the degree of vacuum in a tube to be unpatentable."
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For Philips and Bouwers the success against GE was important because they could continue the development of the Metalix. For Bouwers, however, the vacuum issue was less important than the evidence of user protection. The discussions in the journal Radiology and the positive experiences of users confirmed that the protective properties of the Metalix were greater than those of other tubes. In the years following the invention of the Metalix, Bouwers regularly gave presentations at congresses in order to explain the tube and its characteristics, beginning with the 1924 meeting of the Dutch Physicists Society. 46 The international scientific and industrial world enthusiastically received the Metalix tube. The tube was exhibited to interested industrialists at large international exhibitions, such as the one held in Stockholm in 1928, where reporters viewed the Metalix tube as the only new invention of the show.
47
Both industrial delegates and doctors reacted positively to the tube's features. A Utrecht physician, B. J. Van der Plaats, described his experiences with the Metalix in a letter. By March 1927 he had purchased eight Metalix tubes that he used for some two thousand radiography transparencies taken for diagnostic purposes. He was particularly impressed by the protection that the tubes provided against escaping rays, and he had exchanged all his Coolidge tubes for Metalix tubes. 48 The tube's merits emerged in technical performance and safety tests carried out by independent experts, who found that the Metalix tube scored highest when compared with other X-ray tubes equipped with radiation protection. Despite the positive impression made by Bouwers's innovation, the Metalix tube was not without problems, and Philips had received complaints from a number of doctors about the tube's function in practice. In a 1925 letter two Swedish physicians described their experience with the Metalix tube. Their initial achievements with the tube were impressive; it made high-quality photographs and provided sufficient protection against undesirable radiation. Their main criticism concerned the tube's durability: in use, Metalix tubes quickly broke down. Haver Droeze, a Philips employee, lodged a similar complaint during a trip to Indonesia, attributing the tube's failure to the excessively high charge peak. 50 Most of the technical defects arose from faults in the connection between the ferrochrome and the protective shield on the glass side of the tube or from leakage of the helium gas. These specific concerns presented Holst and Bouwers with a wholly new problem, one that had consequences for the research culture in the X-ray department. Philips personnel, although used to producing large quantities of electric light bulbs, had not previously encountered specific customer demands for product improvement.
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Although Bouwers was a successful researcher, he could not find a workable resolution to every customer complaint. Medical people were recruited who, with their specific knowledge, were able to support Bouwers and make important contributions to his research. A Dr. Daan, a specialist in radiology, joined the Physics Laboratory in 1928, concentrating on research related to lung examination. Gerardus J. Van der Plaats, the younger brother of B. J. Van der Plaats, replaced him in 1930.
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Gerardus Van der Plaats's primary employment was at a hospital in Eindhoven (and from 1936 at a hospital in Maastricht). He worked part time as medical advisor at Philips and did research at the Physics Laboratory, using the results to produce a doctoral thesis in 1938 on the treatment of skin carcinomas with X-ray radiation. 53 users from the medical sector in the innovation process. 54 The Metalix tube first became an integral part of any piece of equipment for use by doctors at the end of 1928, when a portable X-ray appliance was produced, complete with the appropriate cables and a separate transformer. Doctors could literally use it in the field to establish whether or not bones had been broken.
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Problems in the X-Ray Department
The years around 1930 proved to be decisive for the Physics Laboratory's innovations in X-ray technology. 56 After the Metalix tube went into production, Bouwers and his assistants received many complaints, most of which were attributable to the tube's inherent technical deficiencies. Dealing with those complaints was time-consuming and expensive. Bouwers could not automatically convert his scientific discoveries into flawless end products. Nor were the problems purely technical: Philips had distribution difficulties as well. The marketing of Metalix tubes was disappointing. The German company Mü ller tried to make use of the Philips manufacturing method to produce and market its own "Selbsschutsrö hre" (shielded tubes), mounting an aggressive campaign even though the Mü ller tubes were inferior to the Metalix tubes. 57 Philips sales representatives were unprepared for strong competition and lacked an organizational marketing strategy for X-ray tubes. Mü ller, by contrast, had an efficient marketing organization. Philips had been locked in patent exchange negotiations with Mü ller since the early 1920s and had gained a financial stake in the German firm. Despite its sound marketing strategy, Mü ller fell into financial difficulties, and in 1927 Philips finally took over the German company. 1923 -1937 (London, 1937 In the years after the acquisition, a structure was set up to streamline the exchange of products and knowledge between the two companies. On June 28, 1928, representatives of Philips and Mü ller proposed monthly meetings to discuss technical and scientific issues. Bouwers, on behalf of Philips, took part in many of these Erfarungsaustausch-Konferenzen (Conferences for the Exchange of Experiences), where researchers from the two firms attempted to resolve differences of opinion on technological and scientific issues, sharing information through a series of subsequent protocols. Mü ller was known worldwide as a "special factory for X-ray tubes," but it had no tradition in industrial research. During an Xray department meeting, the participants decided to separate the manufacturing and research sides of the business. 61 Shortly after the takeover of Mü ller, it had been decided that research into X-ray tubes and equipment would be done at the Physics Laboratory in Eindhoven and product manufacturing would be done at the Mü ller plant in Hamburg. From an overview of the tubes manufactured, however, it becomes clear that Philips was still producing X-ray tubes in Eindhoven as well as in Hamburg. 62 At the same X-ray department meeting, Anton Philips, Holst, and Bouwers, among others attending, decided that, because of Philips's success at X-ray congresses, it was necessary to have separate laboratories with construction and demonstration divisions. It was stipulated that certain of the Eindhoven employees would travel to Hamburg several times a year to share experiences. Philips was not successful in introducing its X-ray tubes in the United States, partly because the company lacked the necessary sales channels and partly because of the GE strategy. The major problem, however, was that the Metalix tube was simply not compatible with X-ray tubes without a metal shield. Both designers and users of Xray tube frames were confronted with difficulties with the Metalix that Physics Laboratory researchers were unable to resolve satisfactorily. On November 1, 1938, Philips reorganized its U.S. plant, but even after reorganization, the company results were not promising.
From X-Ray Research and Development: A Selection of the Publications of the Philips X-ray Research Laboratories from
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Europe remained Philips's most important market for the Metalix tube, and it was only after the Second World War that Philips put more sales effort into its X-ray products for the American market. Philips reorganized its entire company structure and established the Philips Medical Systems Group, which became more successful in the United States.
The Innovation Process and Tensions within the Physics Laboratory
In the prewar years Bouwers developed several new X-ray products. The reactions of certain former Philips and Physics Laboratory employees show that his inventiveness often worked against him. For instance, Frits Philips, the oldest son of Anton Philips and a member of the Board of Directors at the end of the 1930s, once said in an interview:
Bouwers was, of course, a remarkable figure who had enormous vision and who was able to quickly create things, but there were always problems. For example, he would come up with a new kind of tube that was virtually impossible to reproduce, but whenever a congress came up he did know how to present the product convincingly. However, after that, the factory would be in trouble. Albert Bouwers (1895 Bouwers ( -1972 . Reproduced courtesy of the German Röntgen-Museum, Remscheid, Germany.
sion. Bouwers had considerable independence, but he could at times be rather obstinate in claiming his intellectual freedom. 70 He was convinced, for example, that using oil as an insulation medium for X-ray tubes was useless. In a meeting of July 4, 1938, it emerged that this had given rise to internal conflict at Philips:
the principle that has continually predominated, i.e. of not using oil, has led to one-sided development which, because of the requirements laid down by the factory, does not seem to be entirely technically warranted. The market is increasingly crying out for 70. PCA 181.2 A to Z, interview with J. W. Oosterkamp, 8 Oct. 1973. equipment or tubes that are first and foremost reliable: it is not the case that the outward appearance of such equipment is found to be more important than the functioning aspect.
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When the factory people complained that Bouwers misused his freedom, Holst had to cope with the problem and try to find a balance between Bouwers's creative impulses and the factory managers' demand for consultation about technical features of X-ray tubes. A second reason for the tension within the Physics Laboratory was less personal and more structural, caused by the complex nature of industrial research. As the quotation indicating that "the factory would be in trouble" underlines, it was vitally important that the Physics Laboratory and the factories, on the one hand, and technology and the market, on the other hand, be as well attuned to each other as possible in order to put technically and commercially successful products on the market. The period of diversification at the Physics Laboratory required not only technological expertise but also restructuring of the complicated process of innovation. Philips accepted that Physics Laboratory research was sometimes a long-term effort and that there was no guarantee of quickly recouping initial investments. Philips's staff, including Holst (who as the research division's director was responsible for the research part of Philips's innovation process) tried to reduce these risks. Holst constantly reevaluated the scope and nature of the in-house research program. He was always aware of the constraints of the industry concerning product development. He put it thus: "We have always looked at the field in which we found ourselves at the time and have always gradually enlarged this field. It was not possible to devote sufficient attention to making new inventions because all available resources had to be concentrated on the articles we were already manufacturing."
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The Physics Laboratory researchers did not operate in scientific isolation. Philips accepted the return of its most gifted scientists to the universities, a price the company paid for the ability to publish in scientific journals, to participate in colloquia, and to join international conferences. Several Physics Laboratory scientists became full-time professors, and in 1930 Holst himself accepted a chair at Leiden University. 73 The contacts he and his other former laboratory researchers maintained in the academy enabled Holst and his re- 73. In his inaugural speech, he reflected on the specific role of an industrial laboratory: Holst, Industrielaboratoria. searchers in the Physics Laboratory to access the universities as a source of knowledge. Moreover, Philips successfully influenced the curriculum of its future employees. The urgent need to combine physics training with practical skills provided the occasion for Philips to insist on the creation of a new Applied Physics curriculum at the Delft University of Technology in 1930. 74 The course proved its value to Philips, which hired nineteen of the seventy-nine physics engineers whom Delft graduated before the Second World War. Holst expected scientific specialists like Bouwers to understand certain features of modern technology and to find solutions to scientific problems. Holst's organization, with its close relations to the Dutch universities, provided Philips with a source of up-to-date knowledge in X-ray and other complex technologies. On the other hand, Holst did not allow individual Physics Laboratory researchers complete freedom of choice in research topics. The company's leaders reached a consensus on the direction of new invention. Holst maintained that it was not the researchers' but rather the company's task to identify promising new technologies.
Internal Struggles and Business Losses
Bouwers clearly struggled with Holst about research policy, and he was one of the few who succeeded in breaking free from Holst's organizational structure and creating for himself a high degree of autonomy within a department that had grown rapidly over the years. Termed the "grand seigneur" by one of his staff members, Bouwers managed, through his creativity and his obstinacy, to leave his mark on the X-ray department. 75 Bouwers's individuality is illustrated in a comment by a researcher at the X-ray laboratory that "he was the only person at the laboratory who had a secretary": "Holst did not require one. He had two girls . . . to take care of all the administration for him but he really did not like having secretaries. Van der Pol [another Physics Laboratory group leader] didn't have a secretary 74. For Philips's role in the history of Applied Physics at the Delft University of Technology see also Adolph F. Kamp, ed., De Technnische Hogeschool te Delft, 1905 -1955 ('s-Gravenhage, 1955 Eindhoven, 1923 Eindhoven, -1930 either, but Bouwers did, and it seemed that he had also managed to cut loose via Anton Philips." 76 Bouwers's creativity was undeniable, but the steady barrage of his new ideas and inventions seriously hampered the manufacture and marketing of X-ray equipment at Philips. Moreover, the department was perpetually in financial difficulty. 77 The total investment in the X-ray department between 1923 and 1930 amounted to 3.8 million Dutch guilders (see Table 1 ). These figures illustrate considerable investment in the X-ray department, even though the department had been running at a loss for years. The overview given in Table 2 confirms the difficult financial situation. The Laboratory's work in the 1930s included five main research areas: light and the production of light (including gas discharges); electrotechnology and radio (including acoustics); chemistry (including metallurgy); X-ray investigation; and mathematics and mathematical physics.
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It is difficult to establish the relative value represented by Table 2 , because no precise Physics Laboratory expenses and turnover figures remain from this period. From an overview of Physics Laboratory costs, 1931 Laboratory costs, -1941 , it is apparent that on average the X-ray department recovered some 10 percent of the Physics Laboratory expenses. , 1923-1930. 78. See W. de Groot, "Scientific Research of Philips' Industries from 1891 -1951 ," in An Anthology of Philips Research [1891 , ed. Hendrik B. G. Casimir and S. Gradstein (Eindhoven, 1967), 15-59. 79. PCA/NL 608. Only scanty details remain in the Philips Archives about the number of personnel and the quantity of tubes manufactured in the early days of the X-ray department. However, some figures provide information concerning the comparative scale of the Physics Laboratory and the X-ray department. In 1931 the Physics Laboratory employed 55 doctors and engineers, 124 assistants, and 135 people in the various workshops. There were 5 doctors and engineers working under Bouwers, 18 assistants, and 24 personnel active in the workshop.
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These percentages and numbers show that the costs incurred by the X-ray department constituted a substantial portion of total Physics Laboratory expenses.
Despite the lack of financial success of X-ray products, Bouwers was able to defend his position in Holst's organization. It is hard to determine exactly what motives played a part in the decision to continue research into X-ray tubes and equipment. In the early stages, when the X-ray department was still being established, Bouwers, Holst, and Anton Philips would have found it hard to assess the future prospects of a technology new to Philips. But at an X-ray depart- ment meeting held in 1928, at a time when the department was losing money and not contributing anything in financial terms, these three men all defended the necessity of continuing X-ray development. 81 They were all much more interested in the technology than in the department's financial predicament. Anton Philips himself attached great importance to X-ray technology because of its importance for lung research. He even had his own personnel examined with the help of X-ray equipment.
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One might conclude that the opportunity given to researchers in the X-ray department to pursue their research activities-despite the financially difficult situation-was due to Anton Philips's personal involvement and support for Bouwers's activities. 83 Certainly Anton was interested in the long-term prospects of X-ray technology for his company, and he realized that losses in the early phase might generate profits in the future. However, because of limited knowledge about the new market for X-ray technology, planning was almost impossible for Philips in this area. The progress of X-ray investigations depended on the ability of individuals like Anton Philips to command resources and to direct them in unconventional and surprising directions. , 1993) , was, it would seem from the following quotation (p. 319, translation by author), not so convinced of Anton's humanitarian motives: "To create propaganda for X-ray research A. F. Philips used his own company as a showcase. He had the entire staff X-rayed and in his results, he made it known that all the tuberculosis cases within the organization had been identified; that the contamination risks had been reduced to the minimum and that the numbers of lost working days had also been drastically reduced. Public opinion, the government and the country's armed forces thus warmed to the idea of national X-ray screening." 84. As Joseph A. Schumpeter wrote in Socialism, Capitalism, and Democracy (London, 1943) , entrepreneurship (bringing new technology into the economic system) has been the province of bold individuals, because in a world of limited knowledge it is necessarily an unpredictable and extrarational activity.
Bouwers's scientific and technological success was insufficient; over the course of time he was expected to resolve organizational and financial problems as well as technological ones. This caused tensions in the Physics Laboratory, as Holst tried to reduce risks. Bouwers, however, insisted on his intellectual freedom and sought the support of Anton Philips, even if this involved going behind the back of Holst, his immediate superior. 85 Anton turned out to be fully prepared to offer the support Bouwers needed. Together they managed to push through this loss-making activity, basing their outlook on the usefulness of X-ray technology on personal expectations. With this support, Bouwers's X-ray work at Philips continued and, over the years, gained a certain momentum. Aided by the Metalix principle, Bouwers's researchers developed further X-ray appliances in the 1920s for specific uses, for instance by dentists, and several new kinds of X-ray tubes in the 1930s. 86 Bouwers's creativity was reflected in a new discovery in early 1930, when he applied for a patent for an X-ray tube with a metal discharge space constructed along the lines of the Metalix tube but with a rotating anode with bearings and known as the Rotalix. As early as 1898 a researcher named Breton had described the notion of a rotating anode, but no one had ever successfully commercialized the principle. 87 Combining the principles of the Metalix tube and the revolving anode represented a major step forward. 88 The rotating anode lessened potential for damage by excessive heat, because newly cooled sections of the anode kept moving under the beam of electrodes. The new system also made sharper images possible.
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The Rotalix was well received by customers, including doctors who used it for lung X-rays. Van Ph.D. research. However, once again there were a number of technical problems, notably difficulties in carrying away heat through the bearings. Using fine lead powder to "grease" the bearings did not totally resolve the problem. Better designs for ball-bearing construction occurred soon after, but were not actually introduced until 1937.
Most of the new tubes were incremental improvements on the Metalix technology, such as attempts to answer the technical requirements of dentists. Bouwers and his researchers did not restrict themselves to the development of X-ray tubes, however. They also constructed cascade generators for very high tensions, for which Bouwers made use of the latest insights in valve technology. At the Fifth International Congress of Radiology at Chicago in 1937, Philips exhibited a 400 kilovolt generator with an X-ray therapy tube. In 1939, Bouwers developed a million-volt unit for the Antoni van Leeuwenhoek hospital in Amsterdam. 90 Production of X-ray tubes and equipment continued as usual (as much as was possible) after the outbreak of the Second World War. The Physics Laboratory, like all other Philips departments, fell under the supervision of a German director, a Verwalter. The Germans decided to export X-ray tubes via Hamburg through Mü ller. After the bombing of the Philips factory in Eindhoven by the British Royal Air Force on December 6, 1942, the destruction of much of the X-ray department brought production and development of X-ray tubes and equipment to a halt. 91 Bouwers had left Philips earlier that year to join an optical firm in Delft, where he became research director. 92 As soon as Bouwers left the Philips company, the X-ray department again became an integral part of the Physics Laboratory organization. After the Second World War, Philips shared the popular vision of the promise of industrial research for both the company and society as a whole. 93 Philips reflected the general feeling that the basic sciences could play an important part in the postwar development of industry, and this view was to influence the Physics Laboratory's research program. In this culture, Philips's X-ray research developed into Philips Medical Systems, a world leader in diagnostic imaging and patient monitoring. In this part of the Philips company, Physics Laboratory research and development continues to support products. Researchers are working on X-ray diagnostic technologies and several digital imaging technologies.
94
Epilogue and Reflections
I have shown that Philips's original interest in X-ray technology stemmed not from the company's researchers, but rather from Dutch physicians and X-ray technology users in the medical field, who were eager for a Dutch presence in radiology products. Subsequently Holst initiated his own research. The most important X-ray product developed by the Physics Laboratory was the Metalix tube, a discovery made by Bouwers. Although Bouwers built upon existing X-ray technology (Coolidge tube principles), the Metalix tube represented a genuine innovation in radiation protection. However, it is unclear if the X-ray department was successful under Bouwers. Bouwers had some scientific and technological success, but he needed the personal support of Anton Philips's own expectations of X-ray technology-based on personal intuition-to overcome Holst's caution and to support unprofitable research ventures. Holst maintained his opinion that the Physics Laboratory was first a servant of the company, and he tried to balance scientific research and the company's strategic goal of being a mass producer of consumer products. An examination of the history of the X-ray department also shows that the ideas of the leading individual industrial researcher were not always in line with those of his research director. At the time, the Philips research laboratory lacked a clear structure to define the relative powers of Holst and Bouwers. Instead, their struggles led to an ad hoc structure, which allowed Bouwers's X-ray research to prosper.
Ultimately, however, it was the entrepreneur Anton Philips himself who was willing to invest in the X-ray project for the long term. We can conclude that Philips's X-ray research activities were not so much about transforming scientific and technological knowledge into concrete products as about a complex coordination of scientific research, product development, and organizational and cultural elements. In retrospect, we can attribute Bouwers's and Philips's apparently noncommercial decision to continue X-ray research to strategic insight. At the moment of decision they based their predictions on developments taking place in the Physics Laboratory and elsewhere, with the direction of these developments not always clear, guided only by the perception that X-ray technology was a promising field. From the melting pot of science, technology, business, and the market they tried to distill products whose commercial value was not immediately apparent. 95 It was not until after the Second World War that X-ray technology would finally produce positive financial results for Philips.
